Abstract Many marine species, including mussels in the Mytilus edulis species group (i.e. M. edulis L., M. galloprovincialis Lamarck, and M. trossulus Gould), have an antitropical distribution pattern, with closely related taxa occurring in high latitudes of the northern and southern hemispheres but being absent from the tropics. We tested four hypotheses to explain the timing and route of transequatorial migration by species with antitropical distributions. These hypotheses yield dierent predictions for the phylogenetic relationship of southern hemisphere taxa relative to their northern counter-parts. The three Mytilus species were used to test these hypotheses since they exhibit a typical antitropical distribution and representative taxa occur in both the Paci®c and Atlantic. Two types of mtDNA lineages were found among populations of mussels collected from the southern hemisphere between 1988 and 1996; over 90% of the mtDNA lineages formed a distinct subclade which, on average, had 1.4% divergence from haplotypes found exclusively in northern Atlantic populations of M. galloprovincialis. These data indicate that southern hemisphere mussels arose from a migration event from the northern hemisphere during the Pleistocene via an Atlantic route. The remainder of the southern hemisphere lineages (<10%) were very closely related to mtDNA haplotypes found in both M. edulis and M. galloprovincialis in the northern hemisphere, suggesting a second, more recent migration to the southern hemisphere. There was no evidence that southern hemisphere mussels arose from Paci®c populations of mussels.
Introduction
Many marine taxa have distribution patterns in which closely related species occupy the temperate zones of both the northern and southern hemispheres but are absent from the intervening tropical regions. Ekman (1953) called this a``bipolar'' pattern of distribution, whereas Hubbs (1952) termed it``antitropical'', to emphasize the absence of these taxa in the tropics. Antitropical distributions are very common and include taxa ranging from algae to seals (Ekman 1953; Raven 1963; Pielou 1979) . For example Santelices (1980) estimated that over 18% of marine¯ora have antitropical distribution patterns.
The geographical and historical origins of antitropical distribution patterns are unclear. Antitropical distributions may arise through vicariance processes where a taxon was formerly distributed across the tropics or, alternatively, through migration across the tropics. In an extensive review of antitropical biotas Lindberg (1991) rejected the vicariance model based on the fossil records of many taxa, which show that the ancestral species originated in higher latitudes but not in the equatorial region. Also, the necessary geologic events for vicariance hypotheses have not occurred within the period in which the antitropic distributions of most of the near-shore taxa arose (Lindberg 1991) .
Transequatorial migration is the most likely explanation for the origin of antitropic distributions of most near-shore marine taxa. Lindberg (1991) concluded that at least two major periods of biotic exchange have occurred. The larger of the two occurred during the late Pliocene, about 3.1 million years ago (mya), and coincided with the formation of the Isthmus of Panama. This exchange was asymmetric with about 90% of the species migrating from north to south. A smaller exchange occurred during the Pleistocene and was much more symmetrical (Lindberg 1991) .
At least four hypotheses can be erected to account for the origin and timing of antitropical distributions.
Hypothesis 1: the Pliocene-Paci®c hypothesis. The emergence of the Isthmus of Panama and the closure of the Panamic portal about 3.1 mya caused rapid changes in near-shore temperature and current patterns (Keigwin 1982; Weaver 1990 ) and occurred just before the larger of the two biotic exchanges between the temperate regions of the eastern Paci®c (Lindberg 1991). Therefore the antitropical distribution patterns in any given group of marine species may arise during this time through transequatorial exchange along an eastern Paci®c route. Since the Pliocene exchange was larger than subsequent transequatorial exchanges that occurred in the eastern Paci®c (Lindberg 1991) it is reasonable to assume that the antitropic distribution of any particular group arose during the Pliocene. Also, Lindberg (1991) indicates the Pliocene exchange was asymmetrical so it is also likely that the southern hemisphere was invaded by species from the northern Paci®c.
Hypothesis 2: the Pleistocene-Paci®c hypothesis. A second pulse of transequatorial exchange occurred in the Pleistocene and was coincident with the onset of glacial cooling (Lindberg 1991). During glacial maxima polar fauna expanded towards the equator, but there is little evidence for contraction of the tropics (Moore et al. 1981) . Lindberg (1991) argued that glacial cooling resulted in increased upwelling activity along the margin of the eastern Paci®c and that Pleistocene exchanges across the equator may have occurred via a succession cold-water refugia.
Hypothesis 3: the Pleistocene-Atlantic hypothesis. Transequatorial migrations may have occurred in the Pleistocene during periods of glacial cooling but through the Atlantic Ocean. Vermeij (1992) has argued that this route is unlikely because the tropical zone in the Atlantic remained relatively broad throughout the Pleistocene, and temperate faunas of South Africa contain very few species with origins in the northern Paci®c, even though many species from the North Paci®c colonized the northern Atlantic during a trans-arctic migration in the middle Pliocene (Vermeij 1991). Vermeij (1992) concluded that the temperate regions of the Atlantic have been isolated from the Middle Pliocene (3.5 mya) to the present.
Hypothesis 4: introductions via human activities. Human shipping activities have led to the introduction of many marine species (Carlton 1989; Carlton and Geller 1993) . It is possible that human activity has spread many northern hemisphere temperate species to the southern hemisphere, and vice versa, generating some relatively recent antitropical distributions.
We have tested these four hypotheses for the origin of the antitropical distribution of the mussel species in the Mytilus edulis complex. This group exhibits a typical antitropical distribution (see Fig. 1 ). Three species occur in the northern hemisphere; M. trossulus in the Paci®c, the northwestern Atlantic, and the Baltic Sea, M. edulis in the Atlantic, and M. galloprovincialis in the Mediterranean, and along the Atlantic coasts of southern Europe and north Africa (Gosling 1984 (Gosling , 1992 Koehn 1991; McDonald et al. 1991; Suchanek et al. 1997) . M. galloprovincialis has also been introduced to the Sea of Japan, Southern California, and Puget Sound (McDonald et al. 1991; Gosling 1992; Suchanek et al. 1997 ). In the southern hemisphere, mussels that are closely related to those in the M. edulis complex of the northern hemisphere occur along the temperate Paci®c and Atlantic coasts of South America, the Kerguelen Islands (McDonald et al. 1991) , South Africa, Australia, Tasmania, and New Zealand (Grant and Cherry 1985; Beaumont et al. 1989; McDonald et al. 1991) .
Previous studies have determined the phylogenetic relationships among the northern hemisphere Mytilus spp., providing a background for testing the four hypotheses for the origin of the southern hemisphere mussels. Northern hemisphere M. edulis and M. galloprovincialis are sister taxa, probably began to diverge about 2 mya, and have exchanged genes through hybridization (Rawson and Hilbish 1995b, 1998; Quesada et al. 1998) . M. trossulus is more distantly related and has probably been diverging from the other two species for about 3.5 million years (Vermeij 1991; Rawson and Hilbish 1995b, 1998) .
The four hypotheses for the origin of southern hemisphere mussels make distinct predictions about the phylogenetic relationship between mussels from the southern hemisphere and those from the northern hemisphere. The Pliocene-Paci®c hypothesis predicts that southern hemisphere species of Mytilus will be most closely related to Paci®c populations of M. trossulus and that this relationship is relatively old (3 mya). The Pleistocene-Paci®c hypothesis predicts the same topology but that the divergence between Paci®c populations of M. trossulus and southern hemisphere mussels is more recent (1 to 2 mya). The Atlantic-Pleistocene hypothesis predicts that southern hemisphere mussels will be closely related to species endemic to the Atlantic (M. galloprovincialis or M. edulis). The human introduction hypothesis predicts that southern hemisphere mussels will be indistinguishable from northern hemisphere species. Finally, phylogenetic information can also be used to test the direction of the transequatorial exchanges establishing the antitropical distribution of Mytilus spp. If the exchange was from north to south then all southern hemisphere lineages are predicted to diverge after the common ancestor of the northern hemisphere species. If the exchange was south to north then the reverse is predicted; northern hemisphere lin-
